Currently, 380 000-400 000 occupational exposures to blood-borne pathogens occur annually in the United States. The management for occupational HIV or hepatitis B virus exposures includes postexposure prophylaxis (PEP) when necessary; however, PEP is not recommended for hepatitis C virus (HCV) exposures. Recent approval of HCV direct-acting antivirals (DAAs) has renewed discussions as to whether these therapies could be used to prevent infection after exposure. There are no published studies addressing this question, but the prescribing of DAAs for PEP has been reported. We will discuss the differences in transmission of the 3 most common blood-borne pathogens, the natural history of early HCV infection, and the scientific rationale for PEP. In particular, we will discuss how the low feasibility of conducting an adequately powered clinical trial of DAA use for PEP and the low costeffectiveness of such an intervention is not supportive of targeting limited resources for such use.
The occupational transmission of HCV is well documented, although the variation in reported rates is wide (0%-10%) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] (Table 1 ). The majority of reports support a low estimated transmission rate, and pooled longitudinal data following parenteral exposure to blood from HCV-infected source patients reported an estimated incidence of 1.9% per exposure [19] . This is compared to a 0.32% risk (approximately 1 infection for every 325 documented exposures) and 19%-37% risk (approximately 1 infection for every 3-5 documented exposures among HCWs without protective immunity from HBV vaccination) per percutaneous exposure to blood from HIV-infected and HBV-infected source patients, respectively [20] [21] [22] [23] .
These data conform to the conceptual model that transmission risk is directly proportional to the infectivity of the body fluid and the susceptibility of the tissue exposed [24] . The infectivity of the body fluid is assumed to correlate with both the concentration of viral particles in the body fluid and the volume of inoculation. Supporting this model is the observation that transmission is high with hollow-bore needlesticks that can transfer a larger inoculum and greatest with deep penetration of a scalpel into muscle [18, 22] .
While HCV RNA has been detected in other body fluids including saliva, semen, and vaginal secretions, HCV RNA levels are consistently higher in serum [25] [26] [27] . Existing data suggest that a higher level of HCV RNA in serum correlates to higher risk of transmission [22, [28] [29] [30] . Chimpanzee challenge studies have suggested that there is an infectious titer (chimpanzee infective dose) required to transmit infection, and that this level of inoculum is different in other animal models (humanized livermouse models) [31] . Whereas these studies have unequivocally established the infectivity of blood, it is possible that RNA detected in other body fluids might not correspond as directly with infectious virions.
ACUTE HCV INFECTION AND SPONTANEOUS CLEARANCE

Clinical Presentation and Diagnosis
Following an occupational exposure, a minority (estimated 1.9%) of HCWs will develop acute HCV infection [32] . Initial infection with HCV is characterized by detection of HCV RNA in the blood (8-10 days following exposure) followed by a rapid increase in serum liver enzymes (alanine aminotransferase [ALT] and aspartate aminotransferase [AST]), which occurs during the plateau phase of infection (days [33, 34] (Figure 1) . A majority of acutely infected patients are asymptomatic, and for the 15%-30% of patients experiencing symptoms, the presentation can be mild and consistent with a nonspecific viral syndrome [35] . Approximately 25% of patients will go on to spontaneously clear the viral infection, defined as persistent undetectable levels of HCV RNA (below the lower limit of quantification, target not detected) in the blood, while the majority will develop viral persistence and chronic infection [36] . For the exposed HCW, the most reliable early marker of infection is the HCV RNA in the blood, which should be detectable by day 14 postexposure (Table 2) .
Multiple factors have been reported as predictive of spontaneous clearance including female sex, lack of HIV infection, positive hepatitis B surface antigen status, host genetic factors including the IL28B genotype, and early favorable HCV RNA kinetics [37] [38] [39] [40] [41] [42] . There are limited long-term natural history follow-up studies of acute HCV infection, which report variability in the timing of natural clearance of the virus [41, [43] [44] [45] . While it is accepted that the majority of patients will spontaneously clear the infection in the first 24 weeks, there can be significant variability in HCV RNA in the early stages of infection with interposed detectable and undetectable levels [41, 45, 46] . Thus, confirmation of HCV RNA clearance is recommended, a minimum of 6 months apart.
Pathogenesis
The pathogenesis of acute infection is poorly understood because of the absence of small animal models and due to the asymptomatic nature of the infection. To this end, much of our knowledge of the initial phase of infection is derived from the chimpanzee model, which is no longer used. We do not know what occurs at the site of inoculation or in the first 72 hours of exposure; most studies of early infection have investigated the innate immune response in the host and the early viral kinetics. The timing of hepatocyte entry and extent of entry are unknown. The early innate response is attenuated by countermeasures from HCV including expression of NS3/4A that appears to diminish downstream signaling [47] .
One of the hallmarks of acute HCV infection is the delayed adaptive immune response, which is not detectable until weeks 5-9 after infection [48] . Defective T-and B-cell priming has been proposed as the mechanism for this delay, although how or why this occurs is poorly understood. What we do know is that clearance of HCV is strongly associated with CD4 + T-cell responses, and reduced breadth and strength of the specific CD4 + T-cell response results in persistence of HCV infection [48] [49] [50] . In fact, a recent study in HCWs reports that subclinical transmission, determined by proliferative T-cell responses targeting nonstructural HCV proteins, is common despite undetectable systemic viremia and lack of serologic evidence of infection [51] . Neutralizing antibodies generally are produced too late to play a critical role in viral clearance [52] .
SCIENTIFIC RATIONALE FOR POSTEXPOSURE CHEMOPROPHYLAXIS
The rationale for PEP chemoprophylaxis is based on several core principles: (1) the pathogenesis and time course of early infection; (2) the biological plausibility that infection could be prevented with antiviral drugs; (3) evidence of antiviral efficacy of the drugs being used for PEP; and (4) the risk to the HCWs from exposure to PEP [32] . The impact of the failure to prevent the development of a chronic infection also drives the clinical need for exploring PEP for infectious pathogens. For example, in the case of HBV and HIV, there is no cure for chronic infection and the long-term impact of infection may be substantial; on the other hand, chronic HCV infection is curable in the vast majority of patients. As such, the impact on the HCW of the failure to prevent chronic infection is less for HCV compared with HIV or HBV infection.
Our ability to rationalize the role of PEP in the first few days of infection is limited by the lack of understanding of the pathogenesis of early HCV infection. To use HIV as a correlate, primate models of simian immunodeficiency virus (SIV) infection suggest that systemic infection does not occur until postexposure day 3-5; thus, it is theoretically possible to prevent or inhibit systemic infection by blocking viral replication in the initial target cells or lymph nodes [53] . This was followed by primate studies confirming that a 4-week regimen with tenofovir administered 48 hours before, 4 hours after, or 24 hours after intravenous inoculation of SIV prevented infection [54] [55] [56] . We lack such a detailed understanding of the kinetics of acute HCV infection. Viruses would be expected to pass through the liver within hours of reaching the blood. There they attach to and enter susceptible hepatocytes through a series of at least 5 distinct molecular encounters [55] . Within the cell the positive strand is released and associated with a ribosome, and a single large polyprotein is made and initially cleaved using host enzymes ( Figure 2) . The virus-encoded proteins then complete replication including production of a negative strand that is repeatedly copied as new virions are produced in the cytoplasm. There is no known nuclear phase nor any permanent archive of HCV infection which has to be sustained by ongoing replication.
Biologic Plausibility of Prevention
Based on what we know about the early phase of HCV infection, what mechanism would be most crucial to prevent infection? Presumably, prevention of infection would require blocking of early de novo infection of susceptible cells or spread of the infection to the critical number of hepatocytes required to achieve persistence. However, currently approved DAAs target postentry processes and would not be predicted to prevent initial hepatocyte entry. Necessary steps of protease cleavage, replication complex assembly, and reproduction of the positive strand would be inhibited by approved medications (Figure 2) . Thus, the key factors may be how many cells harbor the positive strand genome and the relative stability of the RNAs. Since a small number of "founder viruses" initially establish infection [57] and viremia isn't detectable for more than a week, it is also possible PEP might prevent the early amplification and spread of infection. However, there is no in vivo information to answer how long the downstream processes would need to be inhibited before those RNAs lost the ability to initiate infection. To date, there are no proof-of-principle studies investigating the efficacy of PEP using direct-acting antivirals (DAAs), although there was a registered study assessing the safety and tolerability of telaprevir (NS3/4A protease inhibitor) dosed 750 mg 3 times daily for 4 weeks for occupational PEP for HCV (Clinical Trials.gov identifier NCT01766115). That study has since been withdrawn.
Antiviral Efficacy of DAAs
US Food and Drug Administration (FDA)-approved DAAs target the NS3/4A protease, the NS5B polymerase, and the NS5A protein ( Figure 2 ). The most recently approved DAAs exhibit picomolar antiviral potency in vitro, and when used in combination have shown high efficacy for the treatment of chronic HCV infection [58] [59] [60] [61] [62] [63] [64] [65] [66] (Supplementary Table 1 ). When used as monotherapy in persons with established high-level infection, failure rates are high, and for DAA with low barriers to resistance (NS3/4A protease inhibitors and NS5A inhibitors), the rapid selection of resistance mutations is universal at the time of on-treatment failure [67] . Similar to HIV, the expected approach to PEP in HCV involves combination therapy of multiple mechanistic targets, which is the same as the approach to the treatment of chronic HCV infection. Also like HIV, the longer the delay to delivering medications, the more similar PEP is to treatment of chronic infection (vs preexposure prophylaxis).
Risk and Benefit of HCW Exposure to PEP
The final consideration influencing the rationalization for PEP is the risk and benefit of PEP to the exposed HCW, and to extend this out to the population level, the cost of PEP. It is unclear what length of treatment would be required for HCV PEP; the use of 4 weeks of PEP for systemic HIV infection was based on animal model data suggesting that 4 weeks was superior to 3 or 10 days [53] . We do not have such data in HCV, although the ability to cure select patients with chronic infection in as little as 6 weeks with potent all-oral DAA combinations suggests that such a shortened course for prevention may be reasonable for early viral eradication [68] . While all antivirals have been associated with adverse effects, interferon-free regimens for HCV are much better tolerated and side effects are unlikely to be a significant limitation to the implementation of HCV PEP. Thus, while there is minimal perceived risk of HCV PEP to the individual, there is also not a clear benefit as early HCV infection can be eradicated with FDA-approved, highly effective DAA regimens. Furthermore, the implementation of HCV PEP carries significant financial implications. There is no available cost-effectiveness analysis for HCV PEP, although given the high cost of DAA (on average 54 600-94 500 US dollars [USD] per 12-week course) and the large number of patients needed to treat to abort 1 early infection, it is it unlikely that an intervention that prevents such a rare event would provide adequate value for money to be considered cost-effective by commonly cited US willingness-to-pay thresholds. This is all the truer in the setting of highly efficacious combination DAA therapies for established infection. In the setting of chronic HCV, infection cure rates exceed 95%, an outcome that clearly differentiates HCV from the other occupational bloodborne pathogens. Although HIV PEP has been reported to be cost-effective in the occupational exposure setting, these models correctly assume that the failure to prevent incurable chronic HIV infection will necessitate lifelong antiretroviral therapy [69] .
The low incidence rate of HCV transmission in the setting of an occupational exposure also creates limitations in feasibility of conducting a clinical trial to determine efficacy and safety, which would be necessary before HCV PEP could be recommended and implemented in the healthcare setting. For sample size calculations in clinical trials, there is a standard assumption of a desired power (usually 80%-90%) to detect a significant difference at a prespecified level of significance, usually 5% [70] . Due to the low incidence rate of HCV transmission (estimated 1.9%) in the setting of an occupational exposure, the sample size of a clinical trial to assess the efficacy would have to be large enough to detect a relatively small difference between groups, even if it is highly efficacious.
For clinical trials with extremely low incidence rates, the common assumptions used for sample size calculations are not feasible. For example, assuming an incidence rate of 1.9% for the control arm and the ability to show an incidence of approximately 1% in the intervention arm, the fixed sample size analysis ( power 90%, significance level 5%) suggests a sample size of up to 6532 (3266 per group) subjects [70] . Assuming 18 200 USD per 4 weeks of DAA PEP for the intervention arm, the cost of drug alone would be 59.4 million USD -a cost unlikely to be offset by the early prevention of a maximum of 62 cases of acute HCV. On the other hand, the cost for the delivery of highly effective, all-oral DAA regimens to persons who are acutely infected is anticipated to be approximately 63 000 USD for an 8-week course (ledipasvir/sofosbuvir) or 54 600 USD for a 12-week course (elbasvir/grazoprevir) or approximately 3.39 million USD to treat the maximum of 62 persons with acute HCV infection following exposure. In fact, recent studies of acute infection suggest that high rates of eradication (83%-100%) with abbreviated treatment length, including 6 weeks, may be possible depending on how early the patient is in the acute course of infection [71, 72] .
Importantly, both strategies-PEP and early treatment of HCV infection-are expected to result in the absence of chronic infection in the vast majority of exposed persons.
Chow et al have proposed a different method for sample size calculations in the setting of extremely low incidence rates of outcome of interest based on precision analysis [70] . Using the same theoretical clinical trial as described above, assuming an incidence rate of 1.9% for the control arm and the ability to show a 50% relative reduction to an incidence rate of 1% in the intervention arm, the precision sample size analysis suggests that a sample size of 1100 subjects per group (N = 2200) would be needed to reach statistical significance. The power for correctly detecting a difference of 1.0% would be 53.37%. While this decreases the drug-related costs to 20 million USD, the cost is still >5-fold higher than treating the few patients who develop active infection.
COST ANALYSIS
To explore the costs associated with PEP in the healthcare setting, we performed a simple decision analysis to examine the relative costs of PEP after a needlestick exposure to HCVpositive bodily fluids. Two strategies were compared ( We assumed a baseline rate of postexposure HCV infection of 1.9% and further assumed that PEP was 100% effective at preventing infection. We assumed that everyone who developed active infection was treated and that treatment was 98% effective, with no deaths from therapy and no chronic infections (treatment failure). The base-case assumed therapy for PEP consisted of a combination DAA therapy with elbasvir/ grazoprevir given for 4 weeks, which is currently the least costly available therapy. For patients who became infected, we assumed treatment for acute infection with ledipasvir/sofosbuvir for 8 weeks. Patients for whom acute therapy failed were given NS5A-sparing therapy of simeprevir plus sofosbuvir plus ribavirin for 24 weeks. While on any therapy, we assumed that patients were seen by a physician with HCV viral RNA testing at baseline, week 4, end of therapy (EOT), and EOT plus 12 weeks, and comprehensive metabolic panel performed at baseline, week 4, and EOT. Cost estimates for these interventions are shown in Table 3 .
The results of our model showed that treating 100 exposed patients with PEP would cost 1 857 272 USD vs 132 870 USD in the no PEP strategy. In sensitivity analysis, we considered a range of costs for treatment of acute HCV, but even at the highest end of the range (94 500 USD for 12 weeks of therapy), the PEP strategy was still more expensive by a factor of 9. Likewise, we considered a range of probabilities for infection after exposure, but even at a rate of 10%, the PEP strategy was still significantly more expensive. To achieve cost savings for PEP, the cost of medications would need to drop to 1329 USD per week. However, this assumes that the cost of treatment for acute therapy does not change; in a 2-way sensitivity analysis where the costs of therapy decrease for both PEP and acute treatment, PEP remains the more expensive option. We examined the cost of a shorter PEP regimen and found that any regimen longer than 2 days would still be more expensive than the no-PEP option.
We would also acknowledge the less tangible issues surrounding an occupational exposure that carries the risk of a blood-borne pathogen infection. There is a clear psychological impact on not only the HCW but also their family and in particular their sexual partners. Furthermore, the development of an acute blood-borne infection can carry particular significance for individuals who engage in work that potentially places others at risk for acute infection (eg, surgeons). We did not account for worry and anxiety in the model, in part because it is difficult to project the differences in these emotions between the PEP and no PEP groups and it was beyond the scope of this article; however, it is unlikely to change the outcome of the model. Here we focused on the HCW because we have the most reliable data on the risk per exposure. However, PEP and pre-exposure prevention of HCV infection are even more important for groups with a higher risk of transmission, including people with intravenous drug use and some HIV-infected men who have sex with men. Additional work is needed to address the role of DAA in HCV prevention in these groups.
CONCLUSIONS
Occupational transmission of HCV is uncommon, yet of the 3 most prevalent healthcare-related blood-borne pathogens, it remains the only infection without available PEP and/or preexposure vaccine. There are many arguments for why PEP in HCV should not be recommended: (1) Risk of transmission in HCW is very low; (2) for the rare HCWs who develop acute infection, the eradication rate with highly efficacious and safe DAA combination therapies is near 100%; and (3) there is unlikely to be a scenario by which PEP is cost-effective compared with early HCV treatment, with the exception of a 2-day course of PEP. Based on acute HCV infection models using intravenously infected chimpanzees, there is little plausibility that 2 days of DAA therapy would block the first phase of viral replication. Thus, any studies of or recommendations for PEP would have to acknowledge that this intervention is not cost-effective. In addition, the clinical application of these results would need to consider differences in efficacy across genotypes and use a pan-genotypic regimen when feasible. The lack of understanding of the appropriate length of therapy for PEP and the lack of feasibility of conducting an adequately powered clinical trial to assess efficacy further solidify this argument. Instead, appropriate follow-up and postexposure testing, reassurance, and early treatment of acquired HCV infection with potent DAA combination therapies should be recommended.
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